Summary
At present, the market for industrial and building materials presents a fairly wide range of synthetic polymeric materials and filled composites based on them, including composites with special properties. Of particular importance are composites based on epoxy resins, which, owing to their high adhesion to materials of different nature, their low shrinkage during curing, and a number of other properties, have been widely used as sealing compositions, dipping resins and lacquers, packing materials and sealants, repair materials, etc., in different sectors of industry. They are used in bearing element assemblies in buildings and constructions, in the manufacture of protective structural, waterproofing, decorative, and plastering coatings, in the laying of floors, and so on. However, in spite of the existence of a large number of composite materials based on epoxy oligomers, their characteristics do not always meet the requirements of modern technology, especially in the case of cold curing, which is necessary, for example, when carrying out restoration work under environmental conditions. Such work includes the repair of elements of engineering constructions, architectural monuments, and rock masses weakened by partial fracture by the action of moisture, the effect of technogenic loads, and natural breakdown of rock.
One of the most widely used and effective methods for producing polymer composites with improved processing and physicomechanical characteristics is to introduce highly disperse fillers into the polymer matrix. The use for these purposes of the waste formed in large quantities in the mining and processing of minerals ensures not only expansion of the range of fillers but also its efficient use, partly solving the problem of recycling off-grade products, which promotes conservation of the landscape and an increase in ecological safety.
All the above formed the background to using natural marble waste ground to a particulate state in the development of a repair composition for restoring the solidity of natural marble.
One of the main conditions of the use of such compositions is a low viscosity, which ensures their penetration even into "hairline" cracks of the mineral, and good flow over the surface of the object being restored.
These indices were adopted as response functions in setting up an experiment with variation in the content and degree of dispersion of filler in the epoxy matrix.
Study of the influence of the particle size distribution and concentration of calcium carbonate on the rheological properties of filled composites was conducted on specimens of chemically precipitated CaCO 3 (samples 1 and 2) and a specimen produced by grinding the natural mineral under laboratory conditions (sample 3). According to data of optical microscopy, all three samples of calcium carbonate comprise particulate powders of white colour with particles of near regular cubic shape, which form loose agglomerates with a size up to several microns.
The particle diameter d, calculated from the results of estimating the specific surface S sp of particles of powders of samples 1 and 2 by thermal desorption of argon, amounted to 0.5 µm at S sp = 4.41 m 2 /g and to 0.8 µm at S sp = 2.66 m 2 /g respectively.
In addition to the obtained data, on the basis of micrographs taken on a JSM-840 electron microscope, the particle size of the investigated calcium carbonate samples were determined, and histograms were plotted ( Figure 1 ). Figures 1a and b give grounds for assuming that samples 1 and 2 are polydisperse powders with a narrow particle size distribution.
The results presented in
Sample 3 has a wider particle size distribution: from 0.5 to 5 µm ( Figure 1c) . The calculated specific surface of its particles, obtained using software program PIP 9.0, amounts to 1.02 m 2 /g.
According to the adopted classification [1] , all the examined calcium carbon samples are highly disperse fillers.
As the polymer binder, use was made of a multicomponent composition of bisphenol A epoxy resin ED-20 and a polymer modifier containing hydantoin epoxy resin EG-10, dibutylphthalate, and low-molecularweight rubber SKN-26-1A. To improve the adhesion properties, a mixture of lanolin and polyethylene glycol was introduced into the polymer binder. The crosslinking agent was low-temperature amine curing agent AF-2.
In the manufacture of composites, of great importance is the choice of method for introducing filler into the polymer binder. An equilibrium distribution of finely disperse filler in the polymer matrix is a guarantee that high-quality specimens of composite will be obtained. The use of normal mixing methods in this case is complicated by the proneness of the filler particles to agglomerate. To break down the agglomerates and to disperse the particles of particulate fillers in the polymer matrix, use is made of special methods such as ultrasound treatment and high-speed mixing, which creates large shear strains. In the course of experiments it was established that the use of a PE-8100 laboratory mixer with a cradle-type stirrer and the additional action of ultrasound promote practically complete breakdown of the agglomerates present in the marble powder. Here, the specific surface of the filler increases, which results in a higher degree of its interaction with the polymer binder. This in turn leads to an increase in the dynamic viscosity of the systems obtained.
In this work, the dynamic viscosity of the composites was determined on an RVTs-K90RI rotational viscometer. The principle of operation of the instrument reduces to measuring the time required to rotate a twisted spring placed between the drive shaft and the inner cylinder deforming the mass located between the stationary outer cylinder and the inner cylinder rotating at constant speed.
The well-known increase in viscosity with increase in degree of filling ϕ is realised on the investigated compositions ( Figure 2) . It was noted that the given parameter is influenced considerably by the specific surface of the filler: it increases with increase in the viscosity of the composites. Of the compositions investigated, the best viscous properties are possessed by composites with microcalcite sample 3. The effect of increase in viscosity with increase in its content in the composite is particularly pronounced at low shear rates (Figure 3) . From the data given in this figure it can be seen that the viscosity of the initial (unfilled) polymer composite does not depend on the shear rate, which makes it possible to regard it as a Newtonian liquid, and composites filled with microcalcite can be regarded as non-Newtonian liquids whose viscosity decreases with increasing shear rate.
The effect of reduction in viscosity for systems with a small amount of filling is small, which evidently can be attributed to deformation of the surface layers at high shear rates. With calcium carbonate concentrations of 40 vol% or more, this is more pronounced because, with increase in the shear loads on the system, the network of contacting particles breaks down.
The dependence of increase in the viscosity of the disperse systems on the filler content at low filler concentrations (less than 30 vol%) is approximated by the Russel equation [2] , which connects the relative viscosity of a disperse system with the volume fraction (concentration) of disperse phase:
where η is the viscosity of the uncured filled disperse system, η p.b is the viscosity of the dispersion medium, and ϕ i is the volume fraction of the disperse phase (filler).
The rheological behaviour of the investigated disperse systems in a wider range of concentrations (up to 60 vol%) more accurately describes Chong's empirical equation [2] : where ϕ max is the maximum theoretically possible degree of filling.
Checking of the goodness of fit of the equation showed that the dependences obtained by calculation in the 10-60 vol% filler concentration range are in good agreement with experimental data.
The uniformity of the filler particle distribution in the polymer matrix of low-viscosity casting compositions determines not only their viscosity but also their flow. The mixing devices used in the process of the investigation make it possible to distribute the filler particles fairly uniformly within the composite.
However, with the passage of time, on completion of mixing, the filler particles begin to settle, i.e. the sedimentation process begins. The emergence of a non-uniform distribution of particles, which results in variation in their concentration over the height of the disperse system, promotes the creation of a diffusion flow. As sedimentation proceeds, the concentration gradient increases, and accordingly the diffusion flow increases. When the sedimentation and diffusion flows equalise, dynamic equilibrium of the system sets in, in which case a stationary particle concentration, not changing with time, is established at each th level.
The distribution of the concentration of particles of 0.5 and 0.8 µm size (samples 1 and 2 respectively) over the height of the disperse system was calculated by means of the equation where k B is the Boltzmann constant, equal to 1.38066 x 10 −23 J/K, T is the temperature (K), r d.p is the true density of the disperse phase, r d.m is the density of the dispersion medium, g is the acceleration due to gravity (m/s 2 ), d is the diameter of an equivalent sphere, ϕ 0 is the initial concentration of particles, and X is the height of the disperse system (m).
Evidence for the fact that disperse systems with particles of 0.5 and 0.8 µm size on the whole can retain sedimentation-diffusion equilibrium for a long period of time, especially a composite containing a filler with a smaller particle size, is provided by the results of calculations presented in graphic form in Figure 5 .
For a system filled with microcalcite sample 3, large particles (1-5 µm) form a deposit, while particles of 0.5-1.0 µm size are in sedimentation-diffusion equilibrium and are also distributed over the height of the disperse system in accordance with the above equation.
The sedimentation stability of the composites is characterised by the rate of settling, the coefficient of diffusion, and the displacement of particles in the dispersion medium. As particles of all the examined fillers are cubic in shape, and the linear dimension of a cube can be taken to be the diameter of an equivalent sphere d, the rate of settling (sedimentation) (m/s) was determined from the expression [3] :
The coefficient of diffusion D (m 2 /s) was calculated by means of the formula:
where k B is the Boltzmann constant and η is the viscosity of the dispersion medium [3] .
The displacement of particles travelling a distance in time Dt and having a size of up to 1 µm was found from the equation [3] :
The results of calculation are given in Table 1 .
The results of calculating these parameters (Table 1) demonstrate that, with increase in particle size, there is an increase in the sedimentation rate and a reduction in diffusion, and they also indicate that the particles are actively displaced considerable distances (by comparison with their size).
The indicated processes occurring in the composites explain their increased flow.
This characteristic was determined using a specially developed procedure, in accordance with which a sample weighing 1.50 ± 0.01 g was placed between glass plates, and a load of 50 g weight was placed centrally on top of it for 1 min. The arithmetic mean value of the diameter of the flow spot, measured with an accuracy of up to 0.01 cm in four directions, was taken as the result.
From the data given in Figure 6 on the dependence of the flow of composites on the volume fraction of fillers of different degrees of dispersion it can be seen that they correlate well with viscosity results ( Figure 2 ): with increase in the content and specific surface of microcalcite, the viscosity increases and flow decreases. Thus, it was shown that it is experimentally possible to use highly disperse calcium carbonate powders as effective fillers for composite material with the necessary properties for its pouring into cracks. It has been shown that the best properties are possessed by a composite with natural microcalcite.
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